Introduction
============

Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer death among females, with an estimated 232,670 newly diagnosed cases and approximately 40,000 deaths in the US in 2014.[@b1-ott-9-2593] Chemotherapy regimens are commonly used in the management of breast cancer patients to reduce the risk of recurrence and mortality. However, it is reported that approximately 50% of patients do not show a clinical response and, thus, may not benefit from the chemotherapy regimens, presenting poor prognosis.[@b2-ott-9-2593]--[@b4-ott-9-2593] Thus, it is essential to identify biomarkers that can aid in differentiating the patients with different responses and prognoses after chemotherapy for the purpose of treatment selection.

Several studies have demonstrated a series of biomarkers associated with chemotherapy response. For example, Sun et al[@b5-ott-9-2593] reported that phosphoglycerate kinase-1 (PGK1) is significantly upregulated in breast cancer tissues at both mRNA and protein levels, compared with that in normal breast tissues. Also, patients with high levels of PGK1 expression exhibit shorter overall survival even if the paclitaxel chemotherapy regimen is scheduled, indicating PGK1 may be an independent prognostic biomarker for chemoresistance to paclitaxel.[@b5-ott-9-2593] Ataseven et al reported that patients with high expression of protein tyrosine kinase 7 exhibited a significantly poorer 3-year disease-free survival increase. However, when receiving taxane-based chemotherapy, they showed significantly better disease-free survival than those receiving no chemotherapy, suggesting protein tyrosine kinase 7 may be a prognostic marker associated with the sensitivity to taxane.[@b6-ott-9-2593]

Furthermore, recent studies have also used the gene expression profile generated by high-throughput platforms to subclassify the patients with different responses to chemotherapy. For instance, Parker et al[@b7-ott-9-2593] have identified a 50-gene transcriptional signature (PAM50) and demonstrated they have a 94% sensitivity to predict the response to neoadjuvant chemotherapy. Tsunashima et al[@b8-ott-9-2593] screened 155 probes to distinguish low and high chemosensitive patients, with a diagnostic sensitivity of 88.0%. However, the molecular signatures that have the ability to classify the patients with different prognoses after chemotherapy remain limited and need further study. The purpose of this study is to further identify molecular biomarkers for assessing chemotherapy effectiveness via computational bioinformatics analysis of three gene expression profile data.

Materials and methods
=====================

Gene expression data
--------------------

Gene expression datasets of breast cancer, with the accession number of GSE41112, GSE2222, and GSE58644, were downloaded from Gene Expression Omnibus (<http://www.ncbi.nlm.nih.gov/geo>). Illumina HumanHT-12 V4.0 array (Illumina Inc., San Diego, CA, USA) was the platform used for analysis of the dataset of GSE41112, which contained the gene expression profile in peripheral blood mononuclear cells of clinically confirmed stage 0--III cases of breast cancer that were treated with (n=24) or without chemotherapy (n=37).

Dataset GSE22226[@b9-ott-9-2593] was used to measure the whole genome changes in 130 breast cancer samples undergoing chemotherapy, including an initial anthracycline-based regimen. Then patients would undergo surgery or receive a taxane-based regimen prior to surgery. Total RNA of the sample tissues was hybridized to Agilent-012391 Oligo Microarray G4112A (Agilent Technologies, Santa Clara, CA, USA). All patients had histologically confirmed invasive breast cancer by clinical examination or imaging, and without distant metastatic disease. The clinical stage I was determined as tumor size \>3 cm.

To detect different prognoses at a molecular level, GSE58644 expression profile analysis[@b10-ott-9-2593] was performed for tissue samples of 123 invasive breast cancer patients who received chemotherapy using the Affymetrix Human Gene 1.0 ST Array (Affymetrix, Santa Clara, CA, USA) platform. The subtypes of the breast cancer were classified based on the output from naive Bayes' classifier.

Data preprocessing and differential analysis of GSE41112
--------------------------------------------------------

According to the annotation files available from Gene Expression Omnibus, probe IDs were mapped to gene symbols. The intensities of multiple probes mapping to the same gene were averaged as the final expression value of the gene.[@b11-ott-9-2593] After quantile normalization and log2 transformation,[@b12-ott-9-2593] differential analysis of GSE41112 dataset was performed with significance analysis of microarray method based on *t*-test and analysis of variance.[@b13-ott-9-2593] To reduce the false positives caused by the large gene number, the *P*-value was adjusted to false discovery rate (FDR) via multiple testing. Fold-change \>1.5 and FDR \<0.05 were set as the cut-off points to screen the differentially expressed genes (DEGs) between breast cancer samples with and without chemotherapy. Principal component analysis was performed to confirm the differential functions of DEGs.

Functional enrichment analysis
------------------------------

To further investigate the function of the DEGs, the uploaded expression data were mapped onto three selected reference databases of cellular pathways, including the Kyoto Encyclopedia of Genes and Genomes (<http://www.genome.jp/kegg>), BioCarta (<http://www.biocarta.com>), and Reactome (<http://www.reactome.org>), using online tools from the Database for Annotation, Visualization, and Integrated Discovery (<http://david.abcc.ncifcrf.gov>).[@b14-ott-9-2593] *P*-values were calculated using the hypergeometric distribution and *P*\<0.05 was set as the cut-off criterion.

Differential coexpression and regulatory relationships analysis
---------------------------------------------------------------

From the perspective of systems biology, functionally related genes are frequently coexpressed, and thus, the identification of differentially coexpressed genes (DCGs) from gene expression microarray data is essential. The Differentially Coexpressed Genes and Links (DCGL) in R package (v2.0)[@b15-ott-9-2593] was used to screen DCGs and links between breast cancer patients with and without chemotherapy, based on differential coexpression profile and differential coexpression enrichment methods, followed by DCsum function to summarize the final set of DCGs and links. In addition, DR~rank~ function in DCGL package, a novel module in DCGL v2.0, was also utilized to identify the transcription factors that significantly regulate the DCGs according to the Targets Enrichment Density (TED) and Targets DCL Density (TDD) scores.[@b15-ott-9-2593] The human gene regulatory relationships were collected from the cGRNB (combinatorial Gene Regulatory Networks Builder; <http://www.scbit.org/cgrnb/>) database, which contains 214 transcription factors and 16,831 target genes to form 210,637 pairs of regulatory relationships. To evaluate the statistical significance of TED and TDD scores, a permutation test with 100 permutations was implemented to provide *P*-values as well as FDR. The FDR \<0.05 was set as the threshold value.

Survival curves analysis
------------------------

Based on the significant transcription factors and their regulatory DCGs, the breast cancer samples with chemotherapy were further subtyped using the GSE22226 and GSE58644 datasets. The patient prognoses with different subtypes were estimated using Kaplan--Meier plots. To further test whether the expression of each prognostic gene was associated with survival, a univariate Cox regression analysis was performed, by which the regression coefficient was estimated. A regression coefficient \>0 indicates poor prognosis, but \<0 suggests good prognosis.

Results
=======

DEGs screening and function enrichment analysis
-----------------------------------------------

After preprocessing, a total of 31,317, 18,831, and 20,200 genes were included in GSE41112 ([Figure 1A](#f1-ott-9-2593){ref-type="fig"}), GSE22226 ([Figure 1B](#f1-ott-9-2593){ref-type="fig"}), and GSE58644 ([Figure 1C](#f1-ott-9-2593){ref-type="fig"}) datasets, respectively. The box plots revealed the homogeneous distribution of the genes across samples.

Using the significance analysis of microarray method, the 511 DEGs between breast cancer patients who received chemotherapy or not were obtained, consisting of 421 upregulated and 90 downregulated genes. Principal component analysis showed that these 511 DEGs could well distinguish the samples treated with or without chemotherapy ([Figure 2](#f2-ott-9-2593){ref-type="fig"}), suggesting the reliability of gene expression profile analysis. Furthermore, functional enrichment analysis indicated that chemotherapy may be effective for treatment of breast cancer by altering the genes involved in apoptosis and immune-related signaling pathways ([Table 1](#t1-ott-9-2593){ref-type="table"}).

Identification of chemotherapy-related transcription factors
------------------------------------------------------------

Using the differential coexpression profile, differential coexpression enrichment, and DCsum algorithms of DCGL package, 1,244 DCGs were identified. We then matched the 1,244 DCGs to the known regulatory data between transcription factors and target genes, and used the DR~rank~ function to screen the transcription factors that can significantly regulate the DCGs. As a result, three transcription factors (NFY, CP1C, and NFYC) were obtained by TDD method, but only one was collected by TED method (NFY). To improve the reliability, only the common complex transcription factor NFY (NFYA, NFYB, and NFYC), which corresponded to 1,608 target genes (but only 36 were DCGs) was used for further analysis. NFY and its differential target genes (39 genes in total) were regarded as gene modules to perform the hierarchical cluster analysis. As shown in [Figure 3A](#f3-ott-9-2593){ref-type="fig"}, these 39 genes can classify the 130 samples in GSE22226 dataset into three subtypes, which exhibited significantly different survival according to the Kaplan--Meier plots (*P*=0.0485) ([Figure 3B](#f3-ott-9-2593){ref-type="fig"}). Furthermore, the same conclusion was also validated by using the 123 samples of GSE58644 dataset ([Figure 3C, D](#f3-ott-9-2593){ref-type="fig"}).

A univariate Cox regression analysis was performed to further test whether the expression of each prognostic gene was associated with survival. As a result, a total of 22 and 15 genes were found to be significantly associated with poor and good prognosis, respectively, in the GSE22226 dataset, while in the GSE58644 dataset, nine genes were found to be significantly associated with both poor and good prognoses. The common eight genes (*PNOC*, *STAG3*, *CDC20*, *CNBP*, *WARS*, *CNN3*, *NUSAP1*, *YARS*) relevant to good prognosis were regulated by NFYA ([Figure 4A](#f4-ott-9-2593){ref-type="fig"}), but the genes (*HOOK1*, *ANKRD12*, *FKBP14*, *DICER1*, *C7orf23*, *ZMYM2*, *H3F3B*, *ARID4A*) correlated to poor prognosis were regulated by NFYB ([Figure 4B](#f4-ott-9-2593){ref-type="fig"}). It is to be noted that except for four genes, *CDC20*, *NUSAP1*, *YARS*, and *WARS*, expressions of the prognosis-related genes were upregulated (data not shown).

Discussion
==========

By using the DCGL package, we found that the 39 DCGs regulated by the transcription factor NFY can classify the patients who received chemotherapy into different subtypes with different survival rates. Further study showed several of the 39 DCGs were significantly associated with good (such as *CDC20*) and poor (such as *ARID4A*) prognoses following chemotherapy. The good prognosis genes may be underlying biomarkers for scheduling the treatment scheme, while the poor prognosis genes may be potential targets for further therapy.

Recent studies have indicated the roles of some of the above genes in cancer and the relationship between their expression and prognosis. For example, the cell division cycle 20 homolog (CDC20) is an important spindle assembly checkpoint protein that activates the anaphase-promoting complex/cyclosome for anaphase initiation and mitosis exit. Abnormalities in CDC20 expression may abolish mitotic arrest and promote cell cycle progression, leading to the development of cancer. Recently, *CDC20* was found to be overexpressed in many types of human cancers and predictive of poor prognosis of cancers, including oral cancer,[@b16-ott-9-2593] non-small-cell lung cancer,[@b17-ott-9-2593] urothelial bladder cancer,[@b18-ott-9-2593] gastric cancer,[@b19-ott-9-2593] and breast cancer.[@b20-ott-9-2593],[@b21-ott-9-2593] Thus, targeting *CDC20* may be a novel cancer therapeutic strategy.[@b22-ott-9-2593] Furthermore, Jiang et al[@b23-ott-9-2593] found that the downregulation of *CDC20* by ganodermanontriol significantly inhibits the growth and invasiveness of human breast cancer cells. Consistent with these studies, we also found that decreased expression of *CDC20* was associated with good prognosis after chemotherapy, suggesting that chemotherapy might reduce the expression of *CDC20*; thus, *CDC20* could serve as a biomarker for the therapy of breast cancer. Interestingly, *CDC20* is involved in the regulation of immune system.[@b24-ott-9-2593] In our present study, *CDC20* was significantly enriched in immune system-related pathways, implying that *CDC20* might affect the prognosis of breast cancer via the involvement of immune system pathway after chemotherapy.

The AT-rich interactive domain 4A (*ARID4A*) encodes a protein that was previously known as retinoblastoma-binding protein 1. *ARID4A* can be recruited by the retinoblastoma gene to repress the E2F-dependent transcription and leads to cell cycle arrest.[@b25-ott-9-2593] In addition, *ARID4A* is shown to interact with the breast cancer metastasis suppressor 1 (*BRMS1*), which has the ability to reduce the metastatic activity of cancer cells.[@b26-ott-9-2593] Thus, ARID4A is implied to play protective roles in the development and progression of cancer, which was demonstrated by the study of Wu et al[@b27-ott-9-2593] who reported that *ARID4A*-deficient mice may easily progress to acute myeloid leukemia and have rapid further increases of leukocyte counts. Moreover, downregulation of *ARID4A* results in the suppression of metastasis in human breast cancer cells.[@b28-ott-9-2593],[@b29-ott-9-2593] In line with these studies, our findings indicated that the high expression of *ARID4A* is related to the poor prognosis after chemotherapy, implying that chemotherapy might cause the upregulation of *ARID4A*, and this gene might be the potential target for breast cancer therapy. *ARID4A* was also reported displaying a partial selectivity for FASL and dulanermin over TNF-mediated apoptosis,[@b30-ott-9-2593] which was consistent with our results. These collectively suggest that *ARID4A* might exert its roles in the regulation of breast cancer metastasis through the influence on apoptosis. However, more expression validations are needed. Furthermore, the NF-Y transcription factor was found to regulate the prognosis-related genes, indicating it may also play significant roles in breast cancer. NF-Y is a heterotrimer transcription factor (including NF-YA, NF-YB, and NF-YC subunits) that specifically binds to the CCAAT consensus site of target genes and regulates the gene expression. Pj and Leaner[@b31-ott-9-2593] showed that NFY can activate the promoter activity of the nuclear exporter protein, Crm1, and promote its high expression in cancer. The upregulation of Crm1 is markedly associated with larger tumor size (*P*=0.01), liver metastasis (*P*=0.003), and poor progression-free survival, as well as overall survival (95% confidence interval, 1.27--5.39).[@b32-ott-9-2593] Garipov et al[@b33-ott-9-2593] also report that NFYA is upregulated in human epithelial ovarian cancer cells (EOC). Further study indicated that NFYA can bind to two CCAAT sites at the proximal region of the human EZH2 gene promoter and upregulate EZH2 transcription, predicting poor overall survival in EOC patients. Knockdown of NFYA triggers apoptosis of human EOC cells and, thus, may achieve the goal of treatment for EOC. Therefore, we believe *NF-Y* gene may be the underlying target gene for breast cancer. However, there are no experimental studies to investigate the regulatory relationship between NFY and our prognosis-related genes (ie, *CDC20* and *ARID4A*), suggesting further research is needed to confirm our results.

In conclusion, this study provided a series of biomarkers for predicting the prognosis of chemotherapy or targets for development of alternative treatment (ie, *CDC20* and *ARID4A*) in breast cancer patients. Furthermore, these genes may be regulated by the transcription factor NFY, also suggesting the potential therapeutic target of NFY in breast cancer. However, more experimental validations are needed in future studies.
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![Box distribution of gene expression in each microarray data after normalization.\
**Notes:** (**A**) GSE41112; (**B**) GSE22226; (**C**) GSE58644.](ott-9-2593Fig1){#f1-ott-9-2593}

![Principal component analysis of the 511 differentially expressed genes.\
**Note:** The red dots are the chemotherapy samples and the blue ones are the nonchemotherapy samples.](ott-9-2593Fig2){#f2-ott-9-2593}

![The cluster (**A**, **C**) and survival (**B**, **D**) analysis of the module constructed by the transcription factor NF-Y and its 39 regulatory genes.\
**Notes:** (**A**, **B**) validated by using the GSE22226 dataset; (**C**, **D**) validated by using the GSE58644 dataset.](ott-9-2593Fig3){#f3-ott-9-2593}

![Two regulatory modules associated with poor (**A**) and good (**B**) prognoses after chemotherapy.\
**Note:** The red dots indicate the upregulated genes and the green dots indicate the downregulated ones.](ott-9-2593Fig4){#f4-ott-9-2593}

###### 

Enriched pathways of upregulated and downregulated differentially expressed genes (top ten)

  Gene expression   Category                                                         Name                   *P*-value
  ----------------- ---------------------------------------------------------------- ---------------------- -----------
  Upregulated       Reactome                                                         Gene expression        5.33E-05
  BioCarta          Induction of apoptosis through DR3 and DR4/5                     8.73E-04               
  Reactome          Class II GLUTs                                                   1.01E-03               
  KEGG              Primary immunodeficiency                                         1.22E-03               
  BioCarta          IL-7 signal transduction                                         1.32E-03               
  BioCarta          Pertussis toxin-insensitive CCR5 signaling in macrophage         1.57E-03               
  Reactome          Disinhibition of SNARE formation                                 1.67E-03               
  BioCarta          Role of mitochondria in apoptotic signaling                      2.49E-03               
  BioCarta          CXCR4 signaling pathway                                          3.68E-03               
  Reactome          Generic transcription pathway                                    4.73E-03               
  Downregulated     Reactome                                                         Interferon signaling   4.39E-15
  Reactome          Cytokine signaling in immune system                              5.97E-13               
  Reactome          Antigen processing-cross presentation                            7.20E-12               
  Reactome          Class I MHC-mediated antigen processing and presentation         4.67E-10               
  Reactome          ER--phagosome pathway                                            1.09E-09               
  Reactome          Interferon alpha/beta signaling                                  1.24E-09               
  Reactome          APC/C-mediated degradation of cell cycle proteins                1.06E-08               
  Reactome          Interferon gamma signaling                                       6.30E-08               
  Reactome          Regulation of APC/C activators between G1/S and early anaphase   1.58E-07               
  Reactome          Proteasome degradation                                           1.47E-06               

**Abbreviations:** APC/C, anaphase-promoting complex/cyclosome; ER, endoplasmic reticulum; IL, interleukin; KEGG, Kyoto Encyclopedia of Genes and Genomes; MHC, major histocompatibility complex; GLUT, glucose transporter; DR, death receptor.
